Oxygen and carbon isotopic ratios of planktonic and benthonic foraminifera have provided information about the evolution of the oceans at low-and mid-latitude sites in the Miocene eastern North Pacific Ocean. DSDP Site 495 (12° N; 91° W) provides a record of early and middle Miocene oceanographic conditions in the eastern equatorial Pacific. Oxygen isotopic evidence indicates that G. sacculifer, D. altispira and G. siakensis were shallow-dwelling, tropical planktonic species. G. venezuelana deposited its test at greater depths, probably below the thermocline. Carbon isotopic evidence conflicts with that of the oxygen isotopes in that it suggests that G. siakensis calcified under conditions similar to those of G. venezuelana.
INTRODUCTION
The evolution of Miocene surface and deep waters in the eastern equatorial Pacific and northeastern Pacific Ocean has been investigated as part of a larger study of global Miocene oceanography (Cenozoic Paleoceanography Project, CENOP). Oxygen and carbon isotopic ratios of the tests of planktonic and benthonic foraminifera from Deep Sea Drilling Project (DSDP) Site 495 in the eastern equatorial Pacific, and from DSDP Sites 173 and 470 and the onshore Miocene section at Newport Beach, California in the northeast Pacific California Current system were measured. The locations of the sites discussed in this study, as well as of other relevant sites, are shown in Figure 1 . Detailed information about the sites is given in Table 1 .
Numerous studies have demonstrated that the 18 0/ 16 0 and 13 C/ 12 C ratios of the tests of foraminifera provide information about ocean waters at the time and place the tests were secreted (Emiliani, 1954 (Emiliani, , 1955 Savin and Douglas, 1973; Berger and Gardner, 1975; Duplessy, 1978) . The 18 0/ 16 0 ratio of a calcific foraminiferal test deposited in isotopic equilibrium with sea water reflects the temperature and the isotopic composition of the water in which the foraminifer grew. The 13 C/ 12 C ratio of a foraminiferal test reflects mainly the isotopic composition of the dissolved HCOJ in the water column.
Previous oxygen and carbon isotopic studies, as well as studies of the abundances of planktonic and benthonic foraminifera, have demonstrated that the Miocene epoch was a crucial episode in the Earth's climatic history. Isotopic records of benthonic and planktonic foraminifera have most often been interpreted as indicating that the early Miocene was a period characterized by limited Antarctic glaciation (Shackleton and Kennett, 1975; Woodruff et al., 1981; Savin et al., 1981) , smaller equator-to-pole and tropical surface-to-bottom temperature gradients, and warmer high latitude surface waters than those of today (Savin et al., 1975) . A worldwide rapid increase in 5
ls O values of benthonic foraminifera during early middle Miocene time has gener- »Inferred from data in Craig and Gordon (1965) ally been interpreted as reflecting a combination of: a) an increase in the 18 0/ 16 0 ratio of the oceans due to rapid growth of the Antarctic ice sheet; and b) cooling of high latitude surface waters and hence deep bottom waters (Shackleton and Kennett, 1975; Savin et al., 1975; Keigwin, 1979; Woodruff et al., 1981; ). An alternative interpretation has been proposed by Matthews and Poore (1980) , who argued that the middle Miocene increase in <5 18 0 values reflects simply a drop in bottom water temperatures, and that large continental ice sheets have existed at least since early Oligocene time. Independent of these conflicting interpretations, the oxygen isotopic ratios of benthonic and planktonic foraminifera suggest a progressive increase in the equator-to-pole surface temperature gradient and the low latitude vertical thermal gradient throughout middle and late Miocene times (Savin et al., 1975, this volume) .
Whereas the evolution of Miocene bottom waters has been relatively well-researched (e.g., Savin et al., 1981) , there is little isotopic information documenting the details of the evolution of surface waters, particularly at mid-latitudes in the North Pacific. The isotopic data from Site 495 presented here document in detail the thermal evolution of the water column in the eastern equatorial Pacific in the interval from about 17 to 12.6 Ma. The isotopic record from this site can be correlated with those from Sites 470 and 173, which document changes in the vertical and the latitudinal thermal gradients in the California Current system during middle and late Miocene times. The ability to correlate the sites is enhanced by the availability of a high resolution biochronology (Keller and Barron, 1981) .
METHODS
The techniques used in this study for processing and counting planktonic foraminifera are similar to those outlined by Keller (1980a) . In this study, foraminifera larger than 150 ¡¿m were counted, and those between 150 and 250 ¡xm were analyzed isotopically.
Isotopic analyses were performed using standard techniques (Epstein et al., 1953) and are reported in 8 notation as per mil deviations from the PDB standard. Isotopic measurements were made relative to a standard CO2 gas whose isotopic composition was related to PDB values through numerous analyses of NBS Isotopic Reference Material No. 20 (Solenhofen Limestone) . NBS 20 is taken to have a <5 18 0 value of -4.14 per mil and a <5 13 C value of -1.06 per mil (Craig, 1957) . Isotopic analyses typically have a precision of ±0.1 per mil. <5 18 0 values of calcite precipitated in equilibrium with sea water were calculated using the equation of Epstein et al. (1953) as modified by Epstein (unpublished) t(°C)= 16.4-4.2(Sc-Sw)+0.13(SC-SW) 2 where <5 C is the isotopic composition of the CO2 gas evolved from the carbonate when reacted with H3PO4 at 25° C and 5 W is the isotopic composition of the CO2 gas equilibrated at 25° C with the water in which the carbonate was deposited. The 5
ls O values of present-day waters in the region were estimated using salinity and temperature data obtained from the National Oceanographic Data Center (NODC) and relationships between salinity and (5 ls O inferred from the data of Craig and Gordon (1965) for sea water in the appropriate regions of the Pacific Ocean (Table 2) .
In order to reflect fluctuations in the 18 0/ 16 0 ratio of sea water caused by fluctuations in Antarctic ice volume, in some cases (where indicated) adjustments have been applied to the oxygen isotopic data. These adjustments are based on estimates by Woodruff et al. (1981) , and on the suggestion of Shackleton and Kennett (1975) 
ISOTOPIC SYSTEMATICS OF FORAMINIFERA
Planktonic foraminifera do not appear to deposit their tests in isotopic equilibrium with the dissolved HCOJ of ambient sea water (Vergnaud-Grazzini, 1976; Williams et al., 1977; Kahn and Williams, 1981) . Evidence for this comes from the observation that <5
13 C values of several planktonic species, including Globigerinoides sacculifer, are very close to the <5 13 C values of total dissolved CO2 (and HCOJ) in sea water at the depths at which calcification is inferred to have occurred (Williams et al., 1977) . Calcite in equilibrium with sea water, however, is 1.26 to 2.38 per mil enriched in 13 C relative to the dissolved HCOJ in the temperature range from 0 to 30°C (Emrich et al., 1970) .
"Vital effects" in the 18 0/ 16 0 ratios of at least most planktonic foraminiferal species are apparently small (Williams et al., 1979; Curry and Matthews, 1981a) . There is, however, conflict-ing evidence about whether Globigerina bulloides (which has been analyzed extensively in this study) deposits its test in isotopic equilibrium with sea water. Kahn and Williams (1981) reported that 5
ls O values of G. bulloides collected in plankton tows from the northeastern Pacific Ocean are lower (i.e. warmer) than those expected for calcite in isotopic equilibrium with sea water in the upper 100 meters during the months of June and July. Other studies of this species collected in plankton tows and in surface sediments from several localities suggest S 18 0 values close to equilibrium (Curry and Matthews, 1981a, b) and further suggest that G. bulloides grows predominantly during seasons of upwelling (Prell and Curry, 1981; Ganssen and Sarnthein, 1983) . However, it has been pointed out by Bender (personal communication, 1984) 0 values with time and the parallel increase in the abundance of G. bulloides at Site 173 reflect middle and late Miocene cooling at this site rather than differences in the oxygen isotopic systematics of the two species.
The tests of most deep-water benthonic foraminiferal species are in neither oxygen nor carbon isotopic equilibrium with ambient sea water (Duplessy et al., 1970; Shackleton, 1974; Woodruff et al., 1980; Vincent et al., 1981; Graham et al., 1981) . Shackleton (1974) concluded that of the commonly analyzed benthonic taxa, Uvigerina spp. has S 18 0 values closest to those expected for calcite in oxygen isotopic equilibrium with sea water. Other benthonic taxa depart from equilibrium by relatively constant amounts. All species of Cibicidoides investigated thus far appear to have similar isotopic behavior and to be depleted in 18 0 by approximately 0.7 per mil relative to equilibrium values (Woodruff et al., 1980; Belanger et al., 1981; Savin et al., 1981) . Cibicidoides have <5
13
C values similar to those of dissolved HCO3 in ambient sea water (Belanger et al., 1981; Graham et al., 1981) .
Sample preservation and dissolution
Calcium carbonate dissolution can significantly affect both the taxonomic composition and the isotopic composition of the residual fauna. Dissolution affects biostratigraphic results by shifting the first and last appearances of species and reducing the stratigraphic ranges and abundances of dissolution-susceptible species. The isotopic signal of selectively preserved specimens can be biased in the 18 0-rich (cold) direction since those individuals of a species which lived higher in the water column are often more readily dissolved than deeper-dwelling individuals (Savin and Douglas, 1973) .
The preservation of samples from Sites 173 and 470 has been discussed by Barron and Keller (1983) . At Site 495, planktonic foraminiferal assemblages are well-preserved, except in Cores 27 and 28 (within foraminiferal Zone N7) where they have been affected moderately, and in Core 20 and upwards (Zones N12 and above) where virtually all foraminifera have been dissolved. Keller and Barron (1981) . Biostratigraphy of Site 158 was worked out by Kaneps (1973) , Keigwin (1976) , Keller et al. (1982) and in the present study. Biostratigraphy of Site 495 was previously examined by Thompson (1982) and was worked out in greater detail in this study.
BIOSTRATIGRAPHY
Age assignments at Sites 495 and 158 are based on foraminiferal datum levels indirectly tied to diatom, radiolarian and coccolith datum levels calibrated with the paleomagnetic time scale as outlined by Keller (1981) . Diatom datum levels of Sites 77B and 495 are from Barron (personal communication, 1983) . Early and middle Miocene age assignments for Site 495 appear to be confirmed independently by comparison of the abundance curve for Globorotalia siakensis at that site with that for Site 77B. The faunal abundance counts for Site 77B by Keller (1980b) were used. Correlation between the eastern tropical Pacific sites and Site 470 made use of the faunal abundance data of Barron and Keller (1983) for Site 470. Faunal abundance data for Sites 495 and 158 were determined in this study and are listed in Appendix I. Only minor differences were observed between the faunal census obtained for Site 158 in this study and that published by Keigwin (1976) .
The foraminiferal assemblages at Sites 495 and 77B are characterized by high abundances of warm-water species of the genera Globorotalia and Globoquadrina, in particular, Globorotalia siakensis, Globorotalia peripheroronda, Globorotalia continuosa, Dentoglobigerina altispira and Globoquadrina venezue-
SITE 77B
SITE 158 /ana ( Figure 2 ). The low abundance of species of the genus Globigerinoides reflects, in part, the effect of carbonate dissolution in the eastern equatorial Pacific during early and middle Miocene time. In the upper Miocene section at Site 77B, warmwater species such as Dentoglobigerina altispira and Globorotalia menardii are more abundant than at Site 158. The high abundances of the warm/temperate-water species Neogloboquadrina acostaensis and Globigerinita glutinata at Site 158 suggest the presence of colder near-surface water at this more easterly site during late Miocene time. The mid-latitude planktonic foraminiferal assemblages at Site 470 differ considerably from the tropical assemblages at Sites 495 and 158 ( Figure 3 ). However, the presence of warm-water species in the middle Miocene section at Site 470 and their absence in the upper Miocene section suggest that middle Miocene surface waters were warmer than those of the late Miocene at that site (Barron and Keller, 1983) .
ISOTOPIC RESULTS
18 0/ 16 0 ratios of foraminifera from DSDP Sites 495,173, 470 and the onshore section at Newport Beach are listed in Appendix II. Results from Newport Beach are not discussed further because isotopic ratios indicate that the samples have undergone diagenetic alteration.
Benlhonic Foraminiferal Isotopic Records
Composite benthonic foraminiferal isotopic records for Cibicidoides from Sites 173, 470 and 495 are shown in Figure 4 . (Site 173 is represented by only two points.) The general appearance of the oxygen isotopic curves of the benthonic foraminifera is similar to that of other Miocene deep sea benthonic curves published by Savin et al. (1981) . Early Miocene <5 18 0 values are low (indicative of high deep water temperatures and minimal ice volume), and are followed by a rapid increase in early middle Miocene time. This increase in S 18 0 is interpreted as reflecting a combination of deep water cooling and a major growth phase of the Antarctic ice sheet (and a concomitant change in the <5 Most of the major features of the carbon isotopic variations of the composite benthonic curve also resemble those of the benthonic deep sea curves published by Savin et al. (1981) . There are some differences, however. The benthonic carbon isotopic record for the 13 to 11 Ma interval at Site 470 is especially variable. We have chosen not to correlate the eastern Pacific sites studied here with the "carbon isotopic events" defined by Loutit et al. (1983) because the eastern Pacific records did not, for the most part, have sufficiently high resolution or span sufficiently long time intervals to permit such correlations to be attempted with confidence.
Site 495
The oxygen and carbon isotopic records of foraminifera plotted in Figure 5 provide information on the depth stratification of the planktonic species. We infer, on the basis of the <5 18 0 values, that G. venezuelana was a relatively deep-dwelling planktonic species, and that the <5 18 0 values of D. altispira, G. siakensis and Globigerinoides sacculifer reflect near-surface water conditions. This is consistent with the conclusions derived from consideration of a large number of early and middle Miocene sites by Savin et al. (this volume) . With the exception of G. siakensis, depth stratification of taxa inferred from <5 13 C records is similar to that inferred from S 18 0 records. The S 13 C record of G. siakensis resembles that of the deeper dwelling G. venezuelana. Assuming that the carbon isotopic systematics of G. sacculifer have not changed markedly over the past 20 m.y., it is likely that G. sacculifer and, by inference, D. altispira have 5
13 C values close to that of the total dissolved CO2 in the water column (Williams et al., 1977) . G. siakensis is probably also a shallowdwelling species but with quite different carbon isotopic systemat- Sclater et al., this volume) (Figure 6 ).
Early and middle S 18 0 values of shallow-dwelling species, adjusted for ice volume effects, vary between approximately +0.36 and -1.33 per mil. This is a small range compared to the range of equilibrium 5
18 0 values in the upper 150 meters of the modern water column (+1.1 to -2.7 per mil), and falls within the range of calculated equilibrium values within the thermocline, between 50 and 120 meters ( Figure 6 ). The small range of S ls O values of shallow-dwelling Miocene species relative to the calculated modern equilibrium S 18 0 values suggests relatively little variation in the temperature structure of the early and early middle Miocene Oceans at Site 495. The range of measured 5
18 0 values for G. venezuelana is also small and falls within the range of equilibrium values calculated at or below the thermocline at depths between 100 and 300 meters.
Holocene planktonic 6 18 0 values of G. sacculifer in the vicinity of backtracked Site 495 are mostly around -1 per mil (Savin and Douglas, 1973; Shackleton, 1977) samples representing the time period 14.6-12.5 Ma (foraminiferal zones N10 through N12), the difference between S 18 0cibici-doides an d <5 18 OQ altispira IS clearly greater than in the lower portion of the section (with the exception of one sample). This implies that the vertical thermal stratification of the water column became sharply intensified beginning about 14.6 Ma. The time of intensification of the vertical thermal gradient corresponds to the time of marked middle Miocene increase in benthonic foraminiferal <5 18 0 values. No significant corresponding increase is noted in S 18 0Cibicidoides minus <5 18 OG. ve "ezuelana, probably because G. venezuelana grows below the thermocline in waters whose temperatures vary sympathetically with those of the deep waters at Site 495.
The general appearance, although not every detail, of the <5 13 C time series curves of D. altispira and G. venezuelana, as well as Cibicidoides from Site 495, is similar to the pattern of 5
13 C values of Cibicidoides from Site 289, as shown in Figure 8 (as well as other benthonic carbon isotopic curves shown by . The increase in <5 13 C values reaching a maximum between 16 and 15 Ma and the decrease in 5
13 C values up to about 12 Ma are clear. These similarities suggest that a large part of the observed variability of both planktonic and benthonic S 13 C values at Site 495 reflects fluctuations in the average carbon isotopic composition of ocean waters. Furthermore, temporal variations in the productivity of near-surface waters should affect S 13 C values of planktonic foraminifera in complex ways, perhaps causing them to increase under some circumstances and to decrease under others. The similarities in the pattern of fluctuations of the planktonic and benthonic records at Site 495 suggest that either changes in the intensity of upwelling at that site were minor or that they occurred but fortuitously produced no effect on the planktonic <5 13 C records.
Site 173 and Site 470
Sites 173 and 470 lie within the modern California Current system (Figure 1 ). The Miocene planktonic and benthonic foraminiferal <5 18 0 and 5 13 C values for those sites are plotted in Figure 9 .
It is likely that at least some of the foraminifera from the lowermost four samples of Site 470 has been diagenetically altered. These samples, from Cores 17 and 18, lie within about 3 m of basalt basement. Foraminifera from Core 18 were separated from chalk. G. bulloides from Core 17, Section 3 has an unusually low <5 18 0 value and G. bulloides from Core 18, Section 1 has an unusually high <5 I3 C value. It is likely that these unusual isotopic compositions reflect diagenetic alteration of the test material. Therefore, little paleoenvironmental significance is attributed to the isotopic results of the lowermost four samples.
The isotopic evidence suggests that the middle/late Miocene interval sampled at Site 470 was one of stable oceanographic conditions. It is possible, however, that conditions were more variable on a short time scale than is suggested by the relatively small sample-to-sample variations in S 18 0, since the sediments of this site were deformed, and perhaps mixed, by the drilling process (Yeats et al., 1981) . (Figures 10 and 11) .
The range of adjusted Miocene isotopic data for Globigerina bulloides at Site 470, shown in Figure 10 , is small (+0.52 to -0.22 per mil) in contrast to the range of equilibrium S 18 0 values in the upper 100 meters of the water column (+1.1 to -1.6 per mil). The range of variability of the Miocene G. bulloides at this site is even smaller than the seasonal range of equilibrium S 18 0 values at the surface. Thus, if the shapes (although not necessarily the absolute values) of modern bathythermograms and profiles of equilibrium 5 18 0 VS. depth approximate those of the middle and late Miocene oceans in this area, it can be concluded from the isotopic record of G. bulloides that there were only small variations in surface and near-surface water temperature and/or upwelling during the middle and late Miocene interval at Site 470. (It is possible that changes in the intensity of upwelling or the water temperature were compensated by changes in the seasonality of growth. This is unlikely, however, especially in view of the conclusions of Gannsen and Sarnthein (1983) that modern G. bulloides records conditions during the season of upwelling.)
While water temperatures were relatively stable at Site 470 during middle and late Miocene time, they were apparently cooler than modern temperatures at the same site. All of the adjusted 5
18 0 values of G. bulloides from Site 470 are more positive (i.e., cooler) than any of the equilibrium 5
18 0 values for surface waters in months of significant upwelling (summer). In fact, virtually all of the differences between S 18 0 of Miocene G. bulloides and modern surface water equilibrium <5 18 0 at Site 470 exceed the differences found in the modern Indian Ocean data set of Curry and Matthews (1981a) . Thus, if the depth habitat of Miocene G. bulloides was the same as that of the modern species, it can be concluded that surface waters at Site 470 are probably warmer now than 5.8 Ma.
In a similar examination of the data from Site 173 (Figure  11 ), the range of adjusted Miocene G. bulloides and G. praebulloides S 18 0 values is large (+1.15 to -0.01 per mil) relative to the range of present-day equilibrium 5
18 0 values in the upper 100 meters of the water column (+1.56 to -0.8 per mil). Thus, the observed range of Miocene oxygen isotopic values was probably produced by large fluctuations in surface or near-surface water temperatures perhaps related, at least in part, to variations in the intensity of upwelling or depth of the seasonal thermocline. Huyer (1983) has shown that seasonal variability of upwelling in the modern ocean is greater in the region of Site 173 than in the region of Site 470. Since the seasonal variability of winds in this region is responsible for the seasonal variability in upwelling, it is likely that longer term variability of winds might also cause long-term variations in the intensity of upwelling to be great at C values between 14 and 11 Ma, increasing values from 11 Ma to approximately 7 Ma, and decreasing values after 7 Ma). While it is possible that this resemblance is fortuitous, it suggests that the major features of the isotopic record of G. bulloides at Site 470 reflect ocean-wide if not global changes in the 13 C/ 12 C ratio of dissolved inorganic carbon. It is puzzling that the benthonic <5 13 C record of Site 289 (and most other benthonic records shown by Savin et al., 1981) agree more closely with the planktonic than the benthonic record at Site 470, and that the benthonic S 13 C record is especially variable in the 13 to 11 Ma interval. There is nothing in the faunal composition of the benthonic foraminifera or in their oxygen isotopic record to suggest that bottom water conditions at this site were in any way out of the ordinary.
The carbon isotopic record of G. bulloides and G. praebulloides from Site 173 is much more variable than that from Site 470, especially in the section from 11 to 9.5 Ma (Figure 8 ). There is some superficial resemblance between the 5 13 C record of Cibicidoides from Site 470 and that of G. bulloides/praebulloides from Site 173, but this is apparently fortuitous. For example, the extreme positive S 13 C peaks in the two records at approximately 13 Ma are diachronous according to the highly resolved biostratigraphic studies of the two sites (Keller and Barron, 1981; Barron and Keller, 1983) .
The dissimilarity between the <5 13 C record of G. bulloides/ praebulloides from Site 173 and those of benthonic foraminifera from Site 289 and other sites probably reflects local variations in the 13 C/ 12 C ratio of surface waters at Site 173 superimposed on the average 13 C/ 12 C composition of the oceans. These local variations may reflect changes in the intensity of upwelling and productivity. However, we are not able to resolve whether decreases in 13 C of G. bulloides and G. praebulloides correspond to increases or decreases in upwelling intensity. This is because of uncertainty as to the extent to which the mixing of upwelled waters with surface waters lowers the 5 13 C value of surface waters and the extent to which the enhanced biological productivity, resulting from upwelling, increases the 13 C content of surface waters. Prell and Curry (1981) and Gannsen and Sarnthein (1983) have found 6
13 C values of Globigerina bulloides in upwelling centers to be unrelated to the intensity of upwelling, although its 18 0/ 16 0 ratios record surface water temperatures during times of upwelling.
COMPARISON OF ISOTOPIC AND PALEONTOLOGIC RESULTS
Major fluctuations in the abundance of planktonic forami- nifera inferred to be temperature-sensitive have been used by Ingle (1967 Ingle ( , 1973a , Bandy and Ingle (1970) , Keller (1978) and Barron and Keller (1983) to reconstruct the climatic and oceanographic history of the eastern North Pacific. Interpretations of the faunal data from these studies have been based on the assumption that in periods when high latitudes cooled or the latitudinal thermal gradient increased, the cool California Current intensified displacing cold-water faunas and floras to the south. Hence, according to this approach, paleoclimatic oscillations can be recognized by fluctuations in the relative abundances of cold to cool-water species and temperate to subtropical-water species in sediment assemblages. The availability of foraminiferal abundance data (Barron and Keller, 1983) for exactly the same samples analyzed isotopically from Sites 173 and 470 led us to investigate whether smallscale fluctuations in the abundance of cold-water foraminiferal species (Barron and Keller, 1983) at these sites could be correlated with changes in water temperature inferred from the isotopic data. Moreover, the oxygen isotopic data were also compared with the abundance of Globigerina bulloides which has been identified in other studies as thriving in zones of upwelling (Zobel, 1971; Thiede, 1972; Diester-Haass et al., 1973; and Prell and Curry, 1981) . Hence, if we assume that G. bulloides thrived during upwelling episodes in Miocene time as it does today, we might consider fluctuations in the abundance of G. bulloides, or perhaps species of the bulloides group (Globigerina bulloides, G. praebulloides and G. quadrilatera) to correspond with variations in the intensity of upwelling at the sites within the California Current system.
In Figures 12a and 12b , the oxygen isotopic time series curves for Sites 173 and 470 have been plotted alongside the foraminiferal abundance curves. In both figures, all data sets are plotted so that inferred warm conditions lie to the right and inferred cold conditions to the left. While there are some superficial resemblances between isotopic and faunal curves, at neither site can episodes of warming or cooling inferred from the isotopic data be consistently correlated with episodes of warming or cooling inferred from the faunal curves. A valid test of the relationship between the two types of records would require both faunal and isotopic analyses of larger numbers of more closely spaced samples than were examined in this study. 
CONCLUSIONS
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